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Notation 
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HCF 
LCF 
da/dNHCF 

LCF da/dN, 

da/dB 

da/dBHCF 

da/dB, 'LCF 

AK 
AK, 
AK, 

HCF 

LCF 

ax,th 

AKons 

AK* 

K«. 
N, 
N, 
n 

R, 
R, 

HCF 

LCF 

HCF 

LCF 

comer notched 
compact tension 
high cycle fatigue 
low cycle fatigue 
crack growth increment resulting from the application of a HCF 
cycle 
crack growth increment resulting from the application of a LCF 
cycle 
crack growth increment resulting from the application of a HCF / 
LCF loading block 
crack growth increment resulting from the application of the HCF 
cycles within a loading block 
crack growth increment resulting from the application of the LCF 
cycles within a loading block 
stress intensity range 
stress intensity range associated with a HCF cycle 
stress intensity range associated with a LCF cycle, i.e. the peak-to- 
peak load cycle 
the value of AKLCF associated with the onset of HCF crack growth 
threshold value of stress intensity range 
threshold value of maximum stress intensity 
number of HCF cycles in a loading block 
number of LCF cycles in a loading block 
ratio NHCF : NLCF 

stress ratio of the HCF cycles 
stress ratio of the LCF cycles 

1. Introduction 

The design of critical rotating aero-engine components, and the demonstration of their 

structural integrity, must include an assessment of their fatigue lives in the presence of 

significant levels of vibration. In such components a low cycle fatigue (LCF) loading arises 

from the large cyclic variation of the conjoint centrifugal and thermal stresses. In the 

F565.doc Page   2 issue 1 



simplest case this large stress variation occurs once per flight. However, rotating engine 

components have also experienced high cycle fatigue (HCF) failures as a direct result of 

vibrations of small amplitude. When they occur, these high frequency vibrations will be 

superimposed on part of each flight cycle. Consequently the fatigue integrity assessment 

requires an evaluation of the behaviour of aero-engine materials under the conjoint action 

of LCF and HCF loadings. Furthermore, it is essential that there is confidence in both the 

life prediction method used in such an assessment and the fatigue and fracture mechanics 

data it requires. 

1.1 Fatigue Crack Growth 

Powell et al [1] have shown that the fatigue crack growth curve for a loading combining 

HCF/LCF cycles in a fixed proportion is characterised by two regimes of behaviour (Figure 

1). These regimes are evident in the double logarithmic plot of the growth increment per 

HCF/LCF loading block (da/dB) versus the peak-to-peak range of stress intensity which 

gives rise to LCF (AKLCF). At the lower values of AKLCF (regime 1) the range of stress 

intensity associated with the HCF cycles is below a threshold value, and the individual HCF 

cycles do not contribute to the advance of the crack. As a consequence, the growth rates 

and fractographic appearance correspond to those for a LCF loading only. At the higher 

values of AKLCF (regime 2) the range of stress intensity associated with the HCF cycles 

exceeds the threshold, and each HCF cycle now contributes to the growth. This contribution 

may cause the growth rate to increase rapidly, so deviating from the response due to the 

application of a separate LCF loading. The fracture surface may now exhibit "block 

striations", that is to say, striation markings generated by each peak-to-peak cycle which are 

well-separated by regions of growth due to the HCF cycles [2-4]. The value of AKLCF 

corresponding to the transition between these two regimes is labelled AKonset. 

The simplest model for the prediction of fatigue crack growth rates due to combined 

HCF/LCF loadings assumes that there are no effects due to load history or load sequence. 

Thus the linear summation model adds the growth increments due to the LCF stress cycle 

and all the HCF cycles, to give the growth rate for the combined HCF/LCF loading block 

(da/dB). Powell et al [3, 5] have shown examples where the linear summation rule has been 

F565.doc Page   3 issue 1 



successful, and where, due to load interactions or short crack effects, it has not. In order 

to accommodate load interaction effects, Hawkyard et al [6] have analysed the fatigue 

threshold values and near-threshold growth rates associated with the HCF cycles by 

ascribing all the potential load history effects to the HCF cycle component of the loading. 

Satisfactory crack propagation life predictions were achieved for a wide range of HCF/LCF 

loadings applied to forged Ti-6A1-4V at room temperature by combining this approach with 

a model based on the concept of crack closure. A similar result was obtained by Claridge 

and Powell [7] using a commercial software package whose algorithm for crack life 

predictions also employs the concept of crack closure in modelling the fatigue behaviour 

of materials. Significantly, Evans et al [8] have used closure corrected data to successfully 

predict the crack growth response of IMI 829 at 350°C for a range of HCF/LCF loadings. 

If the vibrational stresses are of sufficient number and amplitude, a significant reduction in 

the fatigue crack growth life is observed, with the transition between the two growth rate 

regimes marking, for all practical purposes, the effective end of the crack growth life. 

Comparisons between the HCF threshold value associated with this transition and the 

threshold value determined in constant amplitude load shedding tests, have been made in 

a range of materials [9-12]. Both agreements and discrepancies have been observed. In the 

latter case, attempts have been made to correlate the HCF threshold value at the transition 

with the threshold value determined by a method involving a step change in stress ratio (the 

"jump - in" method). In this way improved correlations have been achieved, but more often 

they have not. In order to clearly understand this important aspect of material behaviour, 

a systematic study of threshold values, derived from the transition between the two growth 

rate regimes, load shedding tests, and jump-in experiments, is required. 

Fundamental studies into the effects of the conjoint action of HCF/LCF stress cycles 

inevitably use tests which involve a substantial simplification of the LCF cycle generated 

in service. In practice different stress levels will be developed in critical components during 

the various stages of each flight. Recent unpublished work conducted at the University of 

Portsmouth, has examined the growth of cracks during a flight sequence in which 

vibrational loads were superimposed during the simulated stages of take-off, climb and 
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cruise. This work highlighted the need to account for the load history effects when 

assessing the contribution to the overall growth from the HCF cycles. In particular it was 

necessary to characterise the crack growth due to superimposed HCF cycles when preceded 

by an overload. 

1.2 Scope of the report 

This report describes three aspects of the present study. First, the re-analysis of the results 

of past studies on the effect of HCF and LCF loadings, both when applied separately and 

in combination, on the fatigue crack growth rate behaviour of forged Ti-6A1-4V. Second, 

is the presentation of the predicted fatigue crack growth rates for combined LCF/HCF 

loading experiments involving systematic variations in the ratio of HCF to LCF cycles 

within each repeated loading block. The analysis allows for overloads within the LCF 

loading and considers the effect of their magnitude. Third, is a description of the 

development of the test facility able to apply a wide range of HCF/LCF loadings, achieved 

through the modification of the HCF/LCF isolation unit and the installation of new load 

control and test monitoring systems. 

2. Re-analysis of data for Forged Ti-6A1-4V 

Forged Ti-6A1-4V is extensively used by all aero-engine manufacturers for critical rotating 

components. As a consequence, this material was used in the earliest experiments conducted 

at the University of Portsmouth into the fatigue crack growth behaviour of aero-engine 

alloys under HCF and LCF loadings. Inevitably, and rightly, the data obtained formed a 

base-line against which the responses of more creep resistant alloys were subsequently 

compared. In the light of the renewed interest in the effects of HCF and LCF loadings, the 

present need is to extend both the data-base for forged Ti-6A1-4V and the understanding 

of its behaviour. Thus, it is appropriate to first reassess the data that has been obtained and 

used for this purpose in the past [3, 6, 9, 13-15]. 

Compact tension (CT) and corner notched (CN) specimens of forged Ti-6A1-4V were cut 

from unused fan and compressor discs. The applied loads used in their testing consisted of: 
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1. HCF cycles with a stress ratio of 0.7-0.95 and a frequency of 150 Hz, 

2. LCF cycles having a trapezoidal waveform, a stress ratio of 0.1, 

3. Combinations of HCF and LCF cycles in which the HCF cycles were restricted 

to the dwell period at the maximum load of the LCF cycles. 

Full details of the test material, procedures and data analysis have been reported elsewhere 

[3, 6, 9, 13-15]. 

2.1      HCF thresholds and crack growth rates 

The previously obtained experimental data relating to threshold values for Ti-6A1-4V forged 

material has been reviewed, re-analysed and collated. Thus, Figures 2 and 3 contain the 

accumulated threshold data, including that which was derived from tests combining HCF 

with LCF using a process (called back calculation) which partitioned the overall crack 

growth rates into that due to the HCF and the LCF loading components [16]. The effect of 

stress ratio on the threshold value is shown in Figure 2, where a bi-linear representation is 

suggested. The concept of crack closure can be used to explain this response, as for 

example in the models of Schmit and Paris [17] and Beevers [18]. Each threshold value is 

considered to be the sum of the intrinsic barrier to fatigue crack growth and the resistance 

to the crack growth arising from the presence of crack closure. Alternatively, the response 

may be explained in terms of the behaviour at the crack tip The initial fall is associated 

with a constant value of crack tip opening displacement [19], whilst the limiting threshold 

value occurs when maximum tip root radius exceeds a critical value, so causing the crack 

to behave as a blunt notch [20]. The same data is presented in Figure 3 in the alternative 

form suggested by Marci [21] Marci et al [22] and Doker [23] who suggested that the 

threshold data fell with an envelope defined by a vertical and a horizontal line, which in 

this case have been drawn at AK^ = 2.2 MPaVm and K^,,, = 6 MPa/m, respectively. 

The near-threshold fatigue crack growth rates associated with HCF cycles have been 

determined for stress ratios of 0.75, 0.82 and 0.90. Two procedures were used. First, 

measurement following the determination of the fatigue threshold value using HCF cycles 

only and a load shedding sequence, and second, derivation from the overall growth rates 

for HCF/LCF loadings by the method of back calculation.  Generally, there is good 
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agreement between the results of these two procedures, showing that there is no significant 

load interaction effect (Figures 4-6). The exception is the case of the retardation evident in 

the growth rates derived for HCF/LCF test involving a HCF stress ratio (RHCF) of 0.90 with 

1000 HCF cycles per LCF cycle. When this particular data set is removed, the remaining 

data for RHCF
=
 0-90 are seen to be in good agreement (Figure 7). The HCF crack growth 

rates for RHCF
=
 0-75 and 0.82 and 0.90 have been represented by fits to the data in which 

y = da/dBHCF and x = AKHCF. These representations are visually fitted polynomial equations 

whose coefficients show a simple and small variation with RHCF; the results being illustrated 

in Figure 8, and the coefficients being recorded in Table 1. 

Table 1. Coefficients of the polynomial fits to the HCF crack growth rate data 

RHCF x3 x2 x1 x° 

0.75 4 x 10"8 -2 x 10"7 6.00 x 10"7 -1 x 10"6 

0.82 4 x 10"8 -2 x 10"7 6.58 x 10"7 -1 x 10"6 

0.90 4 x 10"8 -2 x IQ"7 6.95 x 10"7 -1 x 10"6 

2.2      LCF crack growth rates 

The fatigue crack growth rates associated with the application of separate LCF cycles have 

been determined for values of AKLCF in the range 12-50 MPaVm (Figure 9). The results 

exhibit a clearly defined bilinear response, with the transition occurring at 

AKLCF = 20 MPaVm. In keeping with the concepts proposed by Yoder et al [24-26] 

and Yeun et al [27], a good correlation is found between the calculated reversed plastic 

zone size and the primary alpha grain size of the alloy, these being 21jj.m and 

23 urn. respectively. The mean of the data can be represented by the 

relationships: 
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da/dNLCF = 1.770 x 10n [AKLCF]5468 for AKLCF = 12-20 ...(1) 

da/dNLCF = 1.284 x 10"8 [AKLCF]3269 for AKLCF = 20-40 ...(2) 

where da/dNLCF is measured in mm / cycle and AKLCF in MPa/m 

A scatter band has been drawn that encompasses 95% of the data. This scatter 

band has a width of 2.7, that is to say, the ratio of the fatigue crack growth 

rate at the upper bound to that at the lower bound, for a fixed value of AK, is 

2.7 

2.3 HCF/LCF crack growth rates 

The fatigue crack growth rate data for combinations of HCF and LCF cycles are presented 

in Figure 10-12, the growth rate per applied loading block, da/dBHCF/LCF, being plotted as 

a function of the peak-to-peak stress intensity range, AKLCF, for the combined loading. Each 

figure shows the data for a fixed value of RHCF in comparison with the data for LCF cycles 

only. Up to three values of NHCF, the number of HCF cycles in each loading block, are 

considered, NLCF being set at 1. The majority of the results are for CT specimens and the 

remainder for CN specimens. The effect of the different variables are as follows. First, with 

regard to RHCF> the lower its value the lower is the value of AKLCF at which regime 2 growth 

is observed, and the greater the subsequent enhancement in growth rate relative to that for 

LCF cycles only. Second, with regard to the value of n, the greater its value the greater the 

crack growth rate in regime 2. Third, with regard to specimen design, there is no significant 

effect. 

3. Predictions of crack growth response under combined LCF/HCF loadings 

The methodology used to predict the fatigue crack growth rate for the combined HCF/LCF 

loadings of interest depends upon whether or not the HCF cycles are preceded by an 

overload cycle. In the absence of an overload, the da/dB values are estimated by the linear 

summation rule: 
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da/dB =   da/dBHCF   +   da/dBLCF ...(3) 

or: 

da/dB =   NHCF x da/dNHCF + NLCF x da/dNLCF ...(4) 

The values of da/dNHCF used in these predictions are those represented by the polynomial 

for RHCF = 0.82 given in Table 1, whilst the values of da/dNLCF are those represented by the 

mean of the data for RLCF =0.1 given in equations 1 and 2. When the HCF cycles are 

preceded by a overload LCF cycle, the Wheeler model is used to modify the contribution 

to the crack growth from the HCF cycles. All the results are plotted as log (da/dB) versus 

log (AKHCF), with the results for the LCF component of the loading (da/dBLCF) included for 

comparison. 

Figure 13 gives a schematic representation of the repeated stress - time sequences which 

have been considered, the various loading blocks being classified according to the number 

and form of the LCF cycles. Thus: 

Type A has a single LCF cycle which underloads the following HCF cycles, 

Type B has multiple LCF cycles which underload the following HCF cycles, 

Type C has a single LCF cycle which overloads the following HCF cycles, 

Type D has multiple LCF cycles which overload the following HCF cycles, 

Different numbers of HCF cycles within the loading block are also considered. 

3.1 Effect of NHCF per block 

Figure 14 shows the predicted response to a sequence of HCF/LCF loadings involving a 

single LCF underload cycle in combination with 100, 1000 and 10 000 HCF cycles per 

loading block. These predictions confirm the experimental results for such conditions [14] 

namely, a constant value of AKonset, and within regime 2, a progressively increasing da/dB 

with increasing NHCF 

3.2 Effect of NLCF  per block 

Figures 15 and 16 relate to a sequence of HCF/LCF loadings involving a multiple LCF 

underload cycle in combination with 1000 and 10 000 HCF cycles per loading block, 
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respectively. Increasing the number of LCF underload cycles has two effects. First, a 

progressive increase in da/dBLCF in decade steps as NLCF is increased in decade steps. 

Second, the difference between da/dBLCF and da/dB decreases as the proportion NLCF to 

NHCF  increases. 

3.3      Effect of overload LCF cycles 

The effect of crack growth retardation due to the presence of a single LCF overload cycle 

used in conjunction with 1000 and 10 000 HCF cycles per loading block is shown in 

Figures 17 and 18 respectively. Each figure show that progressively increasing the Wheeler 

constant leads to the reduction and eventual suppression of the HCF contribution to crack 

growth. Figure 19 illustrates the result of multiple LCF overloads. In this case the number 

of HCF cycles per block is set at 1000 and the Wheeler constant set at 6. Once more there 

is both a progressive increase in da/dBLCF in decade steps as NLCF is increased in decade 

steps; and the difference between da/dBLCF and da/dB decrease as the proportion NLCF to 

NHCF  increases. 

4. Development of the test facility 

The test facility was designed to apply the repeated loading indicated as type A in Figure 

13, and it has been modified in order that the loadings indicated as types B, C and D, can 

be applied. These modifications also enable the determination of fatigue thresholds for HCF 

crack growth for conditions involving either gradual or substantial load shedding sequences. 

The two features which required alteration were the air bag isolation unit and the control 

system for the machine, the latter leading to a new system for monitoring the crack growth 

test data. In addition, the recent UK Health and Safety regulations required the existing 

cooling system to be replaced by one which is totally enclosed. 

4.1       Modifications to the isolation unit 

The function of the air bag unit is to decouple the electromagnetic actuator, which applies 

the HCF cycles, from the servohydraulic actuator, which provides the LCF loading. This 

allows the two actuators to function simultaneously and without interaction. The new design 
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incorporates a parallel load path into the isolation unit. When the HCF cycles are applied 

this parallel load path is not engaged, and the isolation unit functions in the normal manner. 

The parallel load path comes into operation only during the application of a LCF cycle 

which involves an overload. In this way the required high loading is applied to the 

specimen without excessive compression of the air bag. 

4.3      New control and monitoring system 

The new system of load control and data collection is computer based. The development 

of the system was achieved by interfacing the computer with the existing analogue control 

console [via a D to A interface card], interfacing with a multi-channel digital voltmeter [via 

a GPIB card], and interfacing with the DC power supply [via a relay card]. The 

performance of the computer was upgraded and a data protection facility in the form of an 

uninteruptable power supply [American Power Conversion] was provided. Testpoint 

software [Capital Equipment Corp] was installed and programs written which would control 

and monitor the tests for the various load - time sequences specified in the study. 

In the previous system the load levels and ramp rates were set by analogue controls, whilst 

the LCF and HCF waveforms were fixed. A data logger was used to control the pulsing of 

the DCPD crack monitoring system, to monitor the test systems and to record the test data 

as hard copy only. With the new system the load levels, ramp rates and LCF waveform are 

all determined by the computer software, which permits manual fine tuning of the selected 

load levels. In addition, the computer controls the pulsing of the DCPD crack monitoring 

system, the monitoring of the test systems, and the recording of the test data as Excel and 

text files. 

5. Conclusions 

1. The results of past studies on the effect of HCF and LCF loadings, both when applied 

separately and in combination, on the fatigue crack growth rate behaviour of forged Ti-6A1- 

4V have been re-analysed. Equations representing the HCF and LCF crack growth rates 
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were determined, together with the limiting values of the maximum stress intensity and the 

range of stress intensity associated with the threshold condition for HCF crack growth. 

2. Fatigue crack growth rates for combined LCF/HCF loading experiments involving 

systematic variations in the ratio of HCF to LCF cycles within each repeated loading block 

have been predicted. The predictions indicate the manner in which the contribution to the 

overall growth rate from the HCF cycles declines as the ratio of HCF cycles to LCF cycles 

is reduced, and overloading of the HCF cycles by the LCF cycles retards the HCF crack 

growth. 

3. A test facility able to apply a wide range of HCF/LCF loadings has been achieved 

through the modification of the HCF/LCF isolation unit and the installation of new load 

control and test monitoring systems. 
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Figures 

Figure 1.        Form of fatigue crack growth rate curve for a simple HCF/LCF loading 

combination 

Figure 2.        Effect of stress ratio on the room temperature fatigue threshold value of 

forged Ti-6A1-4V 

Figure 3.        K^ dependence of the room temperature fatigue threshold value of forged 

Ti-6A1-4V 

Figure 4 Comparison of back calculated HCF crack growth rates for RHCF^ 0-75 from 

HCF/LCF tests at n = 1000:1 and n = 10 000:1, with crack growth data 

measured following the determination of the threshold value by a load 

shedding procedure 

Figure 5 Comparison of back calculated HCF crack growth rates for RHCF= 0.82 from 

HCF/LCF tests at n = 1000:1 and n = 10 000:1, with crack growth data 

measured following the determination of the threshold value by a load 

shedding procedure 

Figure 6 Comparison of back calculated HCF crack growth rates for RHCF = 0.90 from 

HCF/LCF tests at n = 1000:1, n = 10 000:1 and n = 100 000:1, with crack 

growth data measured following the determination of the threshold value by 

a load shedding procedure 

Figure 7 Comparison of back calculated HCF crack growth rates for RHCF= 0.90 from 

HCF/LCF tests with n = 10 000:1 and n = 100 000:1, with crack growth 

data measured following the determination of the threshold value by a load 

shedding procedure 
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Figure 8 Comparison of near-threshold crack growth rates representations for RHCF = 

0.75, 0.82 and 0.90 

Figure 9 Fatigue crack growth rates for LCF cycles at RLCF = 0.1 with representation 

of the test data by scatterband 

Figure 10 Comparison of HCF/LCF crack propagation data for RHCF = 0.75 at n = 

1000:1 and 10 000:1, with the scatterband representing the LCF cycles only 

Figure 11 Comparison of HCF/LCF crack propagation data for RHCF = 0.82 at n = 

1000:1 and 10 000:1, with the scatterband representing the LCF cycles only 

Figure 12 Comparison of HCF/LCF crack propagation data for RHCF = 0.90 at n = 

1000:1, 10 000:1 and 100 000:1, with the scatterband representing the LCF 

cycles only 

Figure 13 Schematic representation of the repeated stress - time sequences considered 

Figure 14(a)    The effect of the number of HCF cycles - crack growth with a loading block 

of n= 100:1 

Figure 14(b)   The effect of the number of HCF cycles - crack growth with a loading block 

of n= 1000:1 

Figure 14(c)   The effect of the number of HCF cycles - crack growth with a loading block 

of n= 10 000:1 

Figure 15(a) The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 1000:1 
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Figure 15(b)   The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 1000:10 

Figure 15(c)   The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 1000:100 

Figure 16(a)   The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 10 000:1 

Figure 16(b)   The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 10 000:10 

Figure 16(c)   The effect of the number of LCF cycles - crack growth with a loading block 

of n= 10 000:100 

Figure 16(d)   The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 10 000:1000 

Figure 17(a)   The effect of Wheeler's constant - crack growth with w = 1 and a loading 

block of n= 1000:1 

Figure 17(b)   The effect of Wheeler's constant - crack growth with w = 6 and a loading 

block of n= 1000:1 

Figure 17(c)   The effect of Wheeler's constant - crack growth with w = 12 and a loading 

block of n= 1000:1 

Figure 18(a)   The effect of Wheeler's constant - crack growth with w = 1 and a loading 

block of n= 10 000:1 
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Figure 18(b)   The effect of Wheeler's constant - crack growth with w = 6 and a loading 

block of n= 10 000:1 

Figure 18(c)   The effect of Wheeler's constant - crack growth with w = 12 and a loading 

block of n= 10 000:1 

Figure 19(a)   The effect of the number of LCF overload cycles - crack growth with w = 

6 and a loading block of n = 1000:1 

Figure 19(b)   The effect of the number of LCF overload cycles - crack growth with w = 

6 and a loading block of n = 1000:10 
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Figure 1. Form of fatigue crack growth rate curve for a simple HCF/LCF loading 

combination 



Figure 2   Effect of stress ratio on the room temperature fatigue threshold value of forged 
TJ-6AI-4V 

6 -r 

5- 

4- 

2 3 + 

2- 

0.1 

+ 

o     Back calculated from HCF/LCF 

■     Load shedding data j 

—   Representation of data j 

0.2 0.3 0.4 0.5 

Stress Ratio 

0.6 0.7 0.8 0.9 

Figure 3   Kmax dependence of the room temperature fatigue threshold value of forged 
T1-6AI-4V 

6-, 

4- 

*  3 
< 

1 - 

—i— 

10 

o     Back calculated from HCF/LCF 

■     Load shedding data 

—   Representation of data 

—i— 

15 

—i— 

20 

—i 

25 

Kn 



CO 
CO 
£    CD 

.c 
"J- £ O  o 
=d   c 
u_  o 
"'S X 
E 

10 

O 
II 
LL o 
I 

a: 

c 
E i_ 
(D 

4-1 
CD 

T3 
<D 

JC +-• 
O) 
c 

o 
CO M- 

a -o 

| 3 

o co 
CO "D 
Ü JC 

O 
X 

O    <D 

<D   o   9 
5 0 
0  oL 

as 
3 
Ü   jc 
CO o 
o 
CO  0 

5 .E 
T3 

.Q 
»*- 
O 
c 
o 
CO 

o o 

CD 

CO 

TJ 
CO 
O 

■g    C    CO 
CO   TJ    > a c n 
E 
o 
O 

CO CD 

O    CO 
o   > 

3 £0 

il '5 £ 

H."y | 

4 i 

f 0 
»                1 

4?» 

h 
j           \ 

j                  ; 

i 
1  W.; 

1 ■ 

i        ■     1                            ! 

ft 
i 
i 

■ r 

1 

!   i 

1 

s 
-3         I 

♦ 
  n

 =
 1

00
0:

1 
  

C
T

 

■ 
  n

 =
 1

0 
00

0:
1 

  
C

T
 

x 
  F

ol
lo

w
s 

a 
lo

ad
 s

he
c 

th
re

sh
ol

d 
te

st
   

C
T

 

rr 
© 

I 

© 
© 

IT) 
© 

© 
© 

5 

o 

© 
© 

© 

© 
© 

00 
o 

o 
o 

(ap&yuiui) JDHMP/Bp 



m -a 
£ o 

a) 

=d CD 

X O 

£ o 

00 

c q 
(0 
c 

CD 
LL 
o 

CC    CD 

CD 
■o 

w .E 
CD > 

■4-< > 

TO O 

O CD 

m 3 

ü 
CO 
i— 
Ü 

CO 
CO 
CD 

E 
Ü- cc 
n CO 
i u 

CD H 
TO 2 

o cc 
j* *" 
o 
cc 

CD 

3 
■o 
CD 
Ü 
O 

O 

c 
o 
CO 

*1_ 
CÖ 
Q. 

E o 
o 

-   Q. 

Hi 

o 

CO 

o 
o 

3   O 

u_   c 

O) 
c 

TJ 
TJ 

CD 
x: 
CO 

■D 
CO 
O 

CO 

X) 
CD 

_3 

CO > 

< 
♦ 
♦ ♦ 

► 

♦ *   * 
♦ m 

w 
<► 

If 

> 

5 « [xi 
4> 1 Ex< 

I   ♦ 
1    <> 
ft     * 
ffj. < 

» 

> 
* a a x TW 

9li 
Ij 
4 

3 

X 

♦ 
i 

X 

i ♦ 

iii i 
4» 

• 

» 

♦ 
n 

=
 1

00
0:

1 
  

C
T

 

■ 
  n

 =
 1

0 
00

0:
1 

  
C

T
 

* 
F

ol
lo

w
s 

a 
lo

ad
 s

he
dd

in
g 

th
re

sh
ol

d 
te

st
   

C
T

 

NIMM     i                  1 

s 

fa u 

o 

o o 

IT) o 

o o 

o 
W o o 

o 
W o o 

00 o 
W o o 

(ap£>/uiiii) d:nN;P/BP 



CO 
•4-» <n 
CD 

O 
_J 

LL 
o  ® 

o .£ 
J= £ 
o   o 
05   "n 

LL 
O 
X a: 

■o 
CD 
i_ 

(0 
TO 
CD 

E 
CD 

CO 
TO 

_C   -C 

O    P 

5   ® 
=3 

■a 
CD o o 

£    E    Q. 

o 
TO 

Ü 
TO 
Ü 

LL 
O 
X 
■a 
CD 

o 
SZ 

c 
T3 
T3 
CD sz 
<n 

TJ 
TO 
O 

■»   S    TO 
TO 

_o 
TO 
Ü 

O 
TO 

O 
O 
O 
O 
O 
T- 
II c 

"O 
C 
TO 

C 
o 
CO 

o o _ o 
TO   O 
Q.  T- 
E y- O    c 

O    - 

2? 
3 ii c 

.a 
CD 
ZZ 
TO 
> 

O 
SZ 

CO 
CD 

CD 
SZ 

01 
ii TO 

TO 
C 

'E 
0 
0 

■a 

1 

* 
if ♦ 

♦ x 

'< 
i 
X 

k^* -4- ♦ 
1 

i 
| 

1 1 
♦ 

51 <> 

r* 
♦ 

II 

*< hi 
■ 

♦ 

• 
■ 

on 
c 
-3 

H      n      -*? H   11 

♦ 
n 

=
 1

00
0:

1 
  

C
T

 

■ 
  n

 =
 1

0 
00

0:
1 

  
C

 

• 
n 

=
 1

00
 0

00
:1

  
 < 

x 
  F

ol
lo

w
s 

a 
lo

ad
 s

 
th

re
sh

ol
d 

te
st

   
C

 

s 
«S 

OH 

5 

O 

W 
o o 

IT) 
O 

o 
o 

V© 
o 
W 
o 
o 

o 
I 

W 
o 
o 

00 
o 

o 
o 

(3p£>/UIlIl) I3H^Jp/Bp 



T3 
O 
SI 

*J If) 
CD (1) 
CO sz 
CO 
CD CD -*—' JZ 
li. +-< 

O 4— 
n 

I 
i.. u_ o 

o +-» 

X cu 
c 

E F o L_ 

4— CD 

O) CD 
T» 

C ) 
II 0) 
11. x: 
C) •4-* 
X rr 

CC c 

m "5 
ro -a 
<- CU 

5 w 
o ro 

O) £ 

"I - 
o "O 

^ 5 

i 2 
■a D) 

3 S5 
ü Ü   a; 
CD   JC 
Ü  .ti 

o 
CD 

X3 

13 
: T3 
•    CD 
-   O 
■  o 

     O     Q. 

c 
o 
CO 

CD    » 
Q.   c 

o  ro 

c 

TJ 
CD 
x: 
CO 

T3 
CD 
O 

0) o -Q 
3   O CD 

S¥ ffl U.    C > 

CD 

111 

i 

i 
LLI 

1 
CO 

+ 

1! 
i i 

LT 
C 

[ ] \ 

1 
UJ 
CM 

CO 

X 
CO 

i 

m 
D 

> 

UJ 
■si- 

ll 

> 

9 
ß 
d 
\ 

i ! 

! i; 

i   i | 

I 

j|5*w 

\ 

i   M 

!  !i 

i 
i 
I I 
I 

i 

i 

i 

i | 

i! 
i | 

i 
IT 

t 
• 

■ 
* 

■ 
   

 n
 

=
 

10
 0

0
0
:1

  
  

C
T

 

• 
  
  

n 
=
 

1
0
0
 0

0
0
:1

  
  

C
T

 

x 
  
  

F
o
llo

w
s 

a 
lo

ad
 s

he
dd

in
g 

th
re

sh
o

ld
 t

e
st

   
 C

T
 

D
  

  
 n
 

=
 

10
 0

0
0
:1

  
  

C
N

 

 
  

 V
is

ua
l 
fi
t 

to
 d

at
a 

Null    I          I I   I    I        |ll 

E 
-?- 

CO 
0. 

u. 
Ü 
X 

< 

o 
I 

UJ 
o 
o 

o ■ 
UJ 
o 
o 

CO 
o 

I 
UJ 
o 
o 

O 
LLI 
o 
o 

CO 
o 
LLI 
o 
o 

(a|oAo/iuiu)JOHNP/Bp 



w 
c o 

'& 
re 
+■> c 
« 
■_ 
a 
a> 
o 
re 

1 o v. 
G) 

o 
re 
i_ 
u 

o 

w 

re 
o 
c 

o 

re 
a 

o 
o 
CO 

i_ 
3 

il 

i ' 

! 

i ; 
j : 

i i       11 i       ii 
!           ^ 

| 

i 

i 
! j 

M 
i 

i | '' : 

i 

:     j       j 

;   1    j 

1 
i        ' 

1 *L 
i j 

i 

j 

MIM    M i 

1 
! 

-Si 

. \ 

! CJ>           U) 
O           ^           CM 
II     °     • 

*    i    ! 
t    t    + 

1!    ! 

E 
-?■ 

ra 
a. 

< 

o o o 
o o o o 

o o o o o 

o o o o o o 

o o o o o o o 

(a|OÄo/iuui)dOHNp/ep 



10 
c 
o 
CO 

■+- 
c 
CD 
to 
o 
i_ a 
o 
i_ 

CD 
+■» 
CO 

o 
G) 

a 
ca 
i_ u 

o 
£ 
CO 
CD 

CO 
CD 

c 
o 
w 

"C 
CO 
Q. 

E 
o 
ü 

CO 

CD 
L. 
3 
O) 
iZ 

1 

1 
i 
! 

!  i   i 
! 

i     ; 

; ! 

: 
I 

1 
! 

l j 

k * CD           CO 
■                 I 

m      m 
«O                T-                T- 

UJ           X           X 
M        T-                IV.                 h« 

X          UJ          UJ 
•Y          00          UJ 
yj        iq        en 
CO           CO           CO +         +         + 
CM           CM           CM 
< <         < 
XXX 
N.        iv.        rs. 
UJ          UJ          UJ 
CM           CM           CM 

i               i               ■ 
TJ      CO            CO            CO 

< <         < 
XXX 

CO            00            00 
LÜ          UJ          UJ 
■*         rf         Tt 
II          II          II 
>         >.         >» 

in        CM        o 
|v.            CO            C) 
odd 
II         II         II 

CH        U.        CH 

\    +    \ 

1 

i 

'—m- 
1 il 1 

E 
-?■ 

n 
Q. 

< 

o 
I 

UJ 
o 
o 

lO 
o 
UJ 
o 
o 

CO 
o 

I 
UJ 
o 
o 

IV. 
o 

I 
UJ 
o 
o 

00 
o 
UJ 
o 
o 

(apAo/ujuj)JOHfjp/Bp 



CO 

5^ 
JJ 
CO 

CO 
T3 

CO 
CD 

C 

CO 
■*-» c 
CD 
to 

Q. 
CD 

O 
II 
U- 
Ü 
_j 

CO 

to 

o 
Ü 

u_ o 
a 
CO 
CD 

■*-' 

CO 

5 o 
k— 

CO 
JX 
O 
CO 
L. 
Ü 
CD 

CD 
'■+-* 

CO 

O) 
C 
CO 

jQ 
CD    ■- 2 CD 
3 C 
ö) to ■—   o 
U.    CO 

o 
o 

E 
-?- 

(0 
a. 

LL o 

(9|oAo/uiui) J3~<NP/eP 



o o 
o 

II 
c 

-a 
c 
ra 

o 
o 
o 

ii 
c 

*-> 
CO 

m 

d 
II 
IL 
Ü 
X 

a: 

CO 

CO 
■a 

c 
o 
03   7: 

03    ° 
a. en 
o  a> 

°- £ 

o x 

O CD 

U_    CO 
0 .E 
1 c 
M_   a) 
O    CO 

c   2> o a. 
CO   <u 
~  >- 
03   "O 

o -2 
O   CD 

S3 
03 

O    Ü 
T-   co 

8" 
§>£ 
ii "5 

H 
U 

• • 
O 
O 
O 
»H 

II 
S 

♦ 

H 
V 

• • 
O 
O 
© 
O 
lH 

II 
c 

■ 

fvi \ x 

♦ 

^ 

\ 

\ 
\ 

\     \ 
\    \ 

\ 

■ ■ 
1 

■ 
ft v. 

\ 
\ 
\ 
\ 

\ 
\ 

\ 

\ 

1 

■ 
■ 
■ 
■I 
■1 ■ 

5 < 

■ ^ 
■ ■ ■ ■ ■ ■ 

1 

i ■I 
\ 

\ 
\ \ \        \ 

\ \ 
\ \ \ 

\ 
\ 

\ 
\ 

\  \ 

\ 

o 
© 

s 

fa 
U 

o 
I 

W o 
© 

© 

© 
© 

© 
1 

w o 
© 

© 

© 
© 

o 
I 

© 
© 

(5J30ia/UIUl)J31ap/Bp   'flp/Bp 



o o o 

II c 
T5 c 
OB 

O 
O 
O 

II c 
CO 

CN 
00 
d 
II 
LL o 
I 

T3 
c 
o 

Ä, >• 
Q. ° 
O   CO 

1   * 
,° ü 
u 1 
O   CO 

^ ™ O   g> 
>*- c 
O CD 
r-    OT 

o  2> 
CO    Q. 

■C CD 
CO    "- 

31 
CD 

CO 
T- Ü 
T-    CO 

d) CD 

3    r- 

il '5 

 r 

■ 
  n

 =
 1

0 
00

0:
1 

  
C

T
 

x 
  

n 
=
 1

00
0:

1 
  

C
N

 i< 

.► ♦ 
H 

1 ♦ ►          i 

v. 1 \ 
\ 

• • o o o 
-    II 

i 
♦ ♦ *' 
♦ ♦<! 
♦ r if 

\ 

4* 

\ 
\ 

e 
♦ 

\ 

■ 
■ 
■ 

i 

i 

1 
f 

♦ 

1 ■ 
■ ■ 
1 \ 

\ 
\ 
\ 

* ♦ 

\ i 
\ 

i 

r-1 ■ ■ 
i ■ 
i" 

4> 
m 

Hi> 
4 

<► 

1 

■:■ i 

\ 

v. 
■ 

\       \ 

\ 

♦ 

\ 
\ 
\ 

\     \ 
\ 

i«\ 
X 

; 

o 
r    o 

E 
re 

u. 
Ü 
_J 

< 

© 
© 

© 

© 
o 

© 
i 

w 
o 
o 

© 

© 
o 

IT) 
© 

(5|Doia/uiui)«iap/Bp 'ap/Bp 



-o c 
CO 

o o o 

o o o 
II c 

■4-» 

CO 

CD 

O 
II u. 

i-   o 
£    CO 

X3    O 
C   LL 
.2 O 
ro -• 
O) a) 
CO   -C 
Q. ■*- 
O    O) 

.*   c 
Ü    CD 

ü 2 

O   S 

O   +S 

.22    CJJ 

CO   £ 
§■■= 
o  5 
O    - ^- 
CM   Ö 

o 
2 2 3   O 
.S»¥ 
LL.    C 

j 

1 

1 
 
 
 
 
 
 
 

1 
 
 
 
 
 

1 
 
 
 
 

1 
 
 
 
 

1 

♦ 
n 
= 

10
00

:1
 
C
T
 

■ 
n 
=
 
10

 0
00

:1
 

C
T
 

• 
n 
= 

10
0 
00

0:
1 

C
T
 

z 
o 

Ö 
o 
o 
o 

II  
c 

X 

j   j 

i 
1 

1 

! 7     t 

hx 
X 

1 i    *w 1!     -.«_ 

• 
< 

j 

in 'i i      ft 
*• 
%   • !! 

i!!Ki 
N ^*« Wl \ 

x 

II           i ! 
!    i                       ;    ; 

II                       '    ! 
1    i                             [ 

1 
1 
1 
1 

i     : 

|                  j 

X 

4    \ 
\    \ 

o o 

£ 
CO 
0. 

LL 
Ü 
_l 

< 

LU 
O o 

CM o 
I 

LU o o 

CO o 
I 

LU o o 

o 
I 

LU 
o o 

o 
I 

LU 
o 
o 

to o ■ 
LU 
o o 

(>po|a/tuui):joigp/ep 'gp/ep 



0) 
L. 
0) 

tn 
c 
o 
u 
0) 
0) 
u 
c 
0) 
3 
er 
(U 
(A 

0) 

E 

<fl 
0) 
0) 
+■« 
tn 

0) 
-♦-' 
CO 
CD a 
4) 
1_ 

0) 

c 
o 

c 
a) 
0) 
CU 
1_ 

a 

£ 
£ 
U 

co 

0) 
3 
Ö) 

IN 

a) 

CO 
W) 

I* 

CO 

CO 
(A 
0) 
Ix 

■«-> 

CO 

=r 

1) 

CO 

-r 

H 

a 

T3 
c3 
O 

i—i 
u 
<D 
> 
O 

OH 

CO 

cd 
0 

Ü 

C 
3 

cd 
O 
H 

tH 
(1) 

C 

<D 

Ö 

CO 

o 

T3 
A 
O 

*H 
i* 
4) u > 

4) O 
Ü a <D 
¥^ 

►» ÖÖ o 

H Ö 

Ü 

1—H 

Ü 

o 



Figure 14(a) The effect of the number of HCF cycles - crack growth with a loading block 

ofn= 100:1 
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Figure 14(b) The effect of the number of HCF cycles - crack growth with a loading block 

of n = 1000:1 
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Figure 14(c) The effect of the number of HCF cycles - crack growth with a loading block 

ofn = 10 000:1 
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Figure 15(a) The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 1000:1 
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Figure 15(b) The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 1000:10 
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15(c) The effect of the number of LCF cycles - crack growth with a loading block Figure 

ofn= 1000:100 
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Figure 16(a) The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 10 000:1 
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Figure 16(b) The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 10 000:10 
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Figure 16(c) The effect of the number of LCF cycles - crack growth with a loading block 

ofn= 10 000:100 
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Figure 16(d) The effect of the number of LCF cycles - crack growth with a loading block 

of n = 10 000:1000 
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Figure 17(a) The effect of Wheeler's constant - crack growth with w = 1 and a loading 

block of n= 1000:1 
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Figure 17(b) The effect of Wheeler's constant - crack growth with w = 6 and a loading 

block of n= 1000:1 
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Figure 17(c) The effect of Wheeler's constant - crack growth with w = 12 and a loading 

block of n= 1000:1 
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Figure 18(a) The effect of Wheeler's constant - crack growth with w = 1 and a loading 

block of n= 10 000:1 
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Figure 18(b) The effect of Wheeler's constant - crack growth with w = 6 and a loading 

block of n= 10 000:1 
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Figure 18(c) The effect of Wheeler's constant - crack growth with w = 12 and a loading 

block of n= 10 000:1 
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Figure 19(a) The effect of the number of LCF overload cycles - crack growth with w = 6 

and a loading block of n = 1000:1 
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Figure 19(b) The effect of the number of LCF overload cycles - crack growth with w - 6 

and a loading block of n = 1000:10 
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